Previous work with primary human keratinocytes demonstrated that quercetin, a potent mutagen found in high levels in bracken fern (Pteridium aquilinum), arrested cells in G1 with concomitant elevation of the cyclindependent kinase inhibitor (cdki) p27 Kip1 . Expression of the human papillomavirus type 16 (HPV-16) E6 and E7 oncoproteins, under transcriptional control of a heterologous promoter, in transformed keratinocytes failed to abrogate this arrest [Beniston, R., Campo, M.S., 2003. Quercetin elevates p27(Kip1) and arrests both primary and HPV-16 E6/E7 transformed human keratinocytes in G1. Oncogene 22,[5504][5505][5506][5507][5508][5509][5510][5511][5512][5513][5514]. Given the link between papillomavirus infection, bracken fern in the diet and cancer of the oesophagus in humans, we wished to investigate further whether cells transformed by the whole genome of HPV-16 or HPV-18, with E6 and E7 under the transcriptional control of their respective homologous promoters, would be similarly arrested in G1 by quercetin. In agreement with earlier work, quercetin arrested HPV-16 transformed cells in G1 with an increase in the cyclindependent kinase inhibitor p27 Progression of HPV-induced lesions to carcinoma requires co-factors. Some co-factors have already been identified such as immunosuppression, smoking, oestrogen and progesterone (Dell and Gaston, 2001 ). Infection of the upper gastrointestinal (GI) tract of cattle with bovine papillomavirus type 4 (BPV-4) causes benign papillomas, which can progress to carcinoma in cattle feeding on bracken fern (Campo et al., 1994) . Quercetin is a potent mutagen found widespread in nature and at its highest levels in bracken fern (Bjeldanes and Chang, 1977; Nakayasu et al., 1986) . Quercetin can bind DNA causing single strand breaks (Fazal et al., 1990) , DNA rearrangements (Suzuki et al., 1991) and chromosomal damage (Ishidate et al., 1988) . Additionally, it can interfere with several kinases (Jackson and Campo, 1995; Davies et al., 2000) . In our experimental model of BPV-4 associated oesophageal cancer, quercetin causes full oncogenic transformation of primary bovine cells partially transformed by BPV-4 (Pennie and Campo, 1992; Cairney and Campo, 1995) and this synergy is ascribed to the expression of BPV4 E7 abrogating a quercetin-induced G1 arrest mediated by p53 (Beniston et al., 2001) .
primary human keratinocytes (Hawley-Nelson et al., 1989; Pecoraro et al., 1991) .
Progression of HPV-induced lesions to carcinoma requires co-factors. Some co-factors have already been identified such as immunosuppression, smoking, oestrogen and progesterone (Dell and Gaston, 2001) . Infection of the upper gastrointestinal (GI) tract of cattle with bovine papillomavirus type 4 (BPV-4) causes benign papillomas, which can progress to carcinoma in cattle feeding on bracken fern (Campo et al., 1994) . Quercetin is a potent mutagen found widespread in nature and at its highest levels in bracken fern (Bjeldanes and Chang, 1977; Nakayasu et al., 1986) . Quercetin can bind DNA causing single strand breaks (Fazal et al., 1990) , DNA rearrangements (Suzuki et al., 1991) and chromosomal damage (Ishidate et al., 1988) . Additionally, it can interfere with several kinases (Jackson and Campo, 1995; Davies et al., 2000) . In our experimental model of BPV-4 associated oesophageal cancer, quercetin causes full oncogenic transformation of primary bovine cells partially transformed by BPV-4 (Pennie and Campo, 1992; Cairney and Campo, 1995) and this synergy is ascribed to the expression of BPV4 E7 abrogating a quercetin-induced G1 arrest mediated by p53 (Beniston et al., 2001) .
HPV-16/HPV-18 has been associated with approximately 50% of oesophageal pre-cancers and cancers in humans (Chang et al., 1990; Togawa et al., 1994; Suzuk et al., 1996; Cooper et al., 1995; de Villiers et al., 1999; Syrjanen, 2002) . Additionally, the presence of bracken fern in the human diet has been linked epidemiologically to cancer of the upper GI tract in several parts of the world (Galpin et al., 1990; Marliere et al., 2002; Alonso-Amelot et al., 1996; Hirayama, 1979; Villalobos-Salazar et al., 1995) . These two observations suggest that oesophageal cancer in parts of the world may have the same aetiology as oesophageal cancer in cattle, namely infection by papillomavirus and dietary bracken fern. Here, we present data that support this suggestion. genome in which expression of the viral oncogenes is under the control of the native LCR. Thus, we treated either W12 cells, which maintain HPV-16 episomally (Stanley et al., 1989) , or Z183a cells, which have transcriptionally active integrated HPV-18 (Pecoraro et al., 1989) , with 5 or 10 μM quercetin for 36 h. Quercetin treatment of W12 cells lead to an increase in the cell population in G1 and a corresponding decrease in cell numbers in S and G2/M indicative of a G1 arrest in the cell cycle ( Fig. 1a; shown only for 10 μM quercetin). On the contrary, quercetin treatment of Z183a cells did not noticeably change their cell cycle profile (Fig. 1a) , showing that the cells failed to stop cycling. These observations were confirmed by direct count of proliferating cells. Cells were treated with 5 or 10 μM quercetin and counted at 24 h intervals, for up to 96 h. Again, quercetin treatment caused a complete cessation of cell proliferation in W12 cells, whereas Z183a cells continued to proliferate albeit at a diminished rate compared to untreated cells (Fig. 1b) .
The arrest of W12 cells in G1 agrees with what already observed with HFKE6/E7 (Beniston and Campo, 2003) . These results suggest that HPV-16 oncoproteins cannot abrogate quercetin-induced G1 arrest, as neither the transcriptional promoter (HPV LCR in W12 versus retrovirus LTR in HFKE6/E7) nor the status of the viral DNA (episomal in W12 versus integrated in HFKE6/E7) affected the outcome of quercetin treatment.
Quercetin inhibits expression of Skp2 in W12 but not in Z183a cells
High concentrations of quercetin (such as 50 μM) induce cell cycle arrest through p53 (Beniston et al., 2001; Plaumann et al., 1996) while lower concentration of quercetin (5-20 μM) arrest cell cycle through p27 Kip1 (Beniston and Campo, 2003) . To determine which component(s) of the cell cycle regulatory machinery was affected by quercetin, we analysed by immunoblotting the levels of a number of negative regulators of the cell cycle in quercetin-treated cells. Cells were treated with 0, 5 or 10 μM quercetin for 36 h. Cell lysates were run in SDS-PAGE gels, blotted and probed for p53, p16
Kip1 , Skp2(p45), E7, and βActin, using appropriate antibodies (Fig. 2) .
In agreement with our previous observations (Beniston and Campo, 2003) , both cell lines showed a decrease of p16
INK4a
and no p53/p21 Waf1 response (Fig. 2) . On the contrary, p27 Kip1 was elevated in W12 cells in response to quercetin, but the increase was much less noticeable in Z183a cells (Fig. 2) . The difference in the p27 Kip1 response in the two cell lines is likely due to the difference in the levels of Skp2(p45), the F box protein which negatively controls p27 Kip1 : after quercetin treatment, Skp2(p45) was absent in W12 cells, as reported for HFKE6/E7 cells (Beniston and Campo, 2003) , whereas it was not affected in Z183a cells (Fig. 2 ). In the absence of a functional response to quercetin Fig. 2 . Differential effect of quercetin on the G1 cdk inhibitors. Cells were treated with 0, 5 or 10 μM quercetin for 36 h before being harvested in NP40 lysis buffer (0.1% NP40, 150 mM NaCl and 50 mM Tris-HCl pH 7.6) with protease inhibitor cocktail (Roche, Mannheim, Germany). 25-100 μg of cell lysate was run on Tris-glycine buffered SDS-PAGE gels in MOPS pH buffer (Invitrogen, Groningen, Holland), transferred to nitrocellulose and blocked in 3% BSA or 5% marvel milk in PBS for 1 h at room temperature. Membranes were probed for p53 (antibody D0-1; Serotec, Kidlington, Oxford), p21 Given the function of HPV E7 in overcoming G1-S control (Jones and Munger, 1996) , we analysed the levels of this protein in W12 and Z183a cells after quercetin treatment. E7 levels decreased markedly in W12 cells with quercetin treatment, whereas they remained constant in Z183a cells (Fig. 2) . The reason why E7 levels should decrease in W12 cells but not in Z183a cells are unknown, but it is reasonable to assume that the E7 reduction observed in W12 cells may in part explain the inability of these cells to overcome quercetin-induced G1 arrest. Cell type specific variations in oncoprotein levels between HPV-16 and HPV-18 transformed cells cannot be discounted and, due to the lack of antibodies that cross-react with both HPV-16 and HPV-18 E6 and E7, cannot be thoroughly investigated. However, in our hands, and in contrast to the HPV-18 oncoproteins, HPV-16 oncoproteins have consistently failed to abrogate quercetin-induced cell cycle arrest.
Quercetin up-regulates the HPV-18 long control region
Given that quercetin affects the activity of the BPV-4 LCR (Connolly et al., 1998) , and to see if the different levels of E7 in W12 and Z183a cells after quercetin treatment were due to differences in transcription, we investigated the transcriptional activity of HPV-16 and HPV-18 LCRs in luciferase reporter assays. p18LCRLuc or p16LCRLuc contain the HPV-18 or HPV-16 LCR, respectively, controlling the expression of the luciferase gene. The constructs were transfected into C33a cells (HPV negative cervical cancer cells) and cells were treated with 0-20 μM quercetin for 36 h. C33a cells were used rather than human keratinocytes as they do not arrest in G1 in response to quercetin treatment (data not shown), whereas human keratinocytes do (Beniston and Campo, 2003) and are therefore unsuitable for transient transfection reporter assays.
Although, as previously reported (O'Connor et al., 1998) , the transcriptional activity of the HPV-16 LCR was low (Fig. 3a) , there was no significant change in its activity in response to quercetin. On the contrary, the HPV-18 LCR showed a dose-dependent increase in transcriptional activity with quercetin (Fig. 3a) . Although quercetin affected transcription from the HPV-18 LCR, it had no effect on the replication of an HPV ori containing plasmid (data not shown).
To confirm that the quercetin-induced increase in the transcriptional activity of HPV-18 LCR seen in C33a cells reflected a true increase in oncogene transcription, real-time RT-PCR was carried out on E7 RNA in Z183a and W12 cells. After quercetin treatment, the level of E7 mRNA consistently increased on average 50% in Z183a cells but not in W12 cells (Fig. 3b) , confirming that quercetin activates transcription from the LCR of HPV-18 but not of HPV-16. As quercetin treatment appears to reduce the level of HPV-16 E7 in W12 cells (through an as yet unknown mechanism), it is likely that this contributes to the resultant G1 arrest induced by quercetin. As the transcriptional activity of the HPV-16 LCR appears to be unchanged with quercetin exposure (Fig. 3a) , alterations in protein translation or degradation may underpin the decrease in E7. However, further investigation is required in order to determine the mechanism by which quercetin causes loss of HPV-16 E7 expression. In Z183a cells, increased E7 mRNA transcription may help maintain E7 protein levels (see Fig. 2 ) and, thus, together with the poor response of p27 Kip1 , bypass quercetin-induced G1 arrest. was derived from a CAT reporter plasmid (Thierry and Howley, 1991) , and p16LCRLuc was obtained from Dr. I.M. Morgan, Glasgow, UK. 2 × 10 5 C33a cells were transfected with 0.1 μg of p18LCRLuc, p16LCRLuc or pGL3Basic using Lipofectamine (Invitrogen) for 5 h at 37
• C in serum free medium. Cells were treated with 0-20 μM quercetin for 36 h, harvested and assayed for luciferase activity with luciferase assay buffer (Promega, Madison, WI) in a Dynex-MLX luminometer. The activity of p16LCRLuc was consistently approximately 10-fold higher than that of pGL3Basic, while the activity of p18LCRLuc was approximately 1000-fold higher (data not shown). The activity of the LCR constructs in the absence of quercetin was arbitrarily defined as 1 and the increase in activity is shown as "fold increase". (B) Quercetin increases HPV-18 E7 mRNA transcription. Total RNA was isolated using the RNeasy Minikit (Qiagen, Sussex, UK) from Z183a or W12 cells. The RNA was treated with DNA-aseI (Invitrogen, Glasgow, UK) and analysed by real time RT-PCR for HPV-18 E7, or HPV-16 E7 RNA, respectively, and for β-Actin as control using TaqmanAE EZ RT-PCR Kit (Applied Biosystems, Foster City, CA). HPV-16 E7 primers were E7FOR 5-AAGTGTGACTCTACGCTTCGGTT-3 and E7REV 5-TTTGGAAGACCTGTTAATGGGC-3 with probe 5-TGCGTACAAAGCACACACGTAGACATTCGTA-3. HPV-18 E7 primers were 18E7FOR 5-TGTATTGCATTTAGAGCCCCAA-3 and 18E7REV 5CTTCCTCTGAGTCGCTTAATTGC-3 with probe 5-ATGAAATTCCGGTTGACCTTCTATGTCACG-3. Commercially available β-Actin primers and probe were used (Applied Biosystems, Cheshire, UK). DNA contamination in samples was tested by using β-Actin primers and Taq polymerase in reactions with no RT. RT-PCR was performed using an ABI Prism 7700 Sequence detector. Each experiment used 8-10 10-fold serial dilutions of the appropriate plasmid DNA for each set of primers and probes to generate standard curves, and sample amplification was carried out in triplicate. The relative amounts of HPV-16 or HPV-18 E7 RNA or β-Actin RNA were determined by comparison to the standard curves. Levels of HPV-16 or HPV-18 E7 RNA were normalised to β−Actin RNA levels. The level of E7 RNA in the absence of quercetin was arbitrarily taken as 1 and its increase in the presence of quercetin is shown as "fold increase". (C) The HPV-18 LCR contains a "quercetin responsive element". Sequence comparison of the BPV-4, HPV-16 and HPV-18 basal promoter regions. Numbers indicate position as defined by NCBI Genome sequence database (NC 004711, NC 001526 and NC 001357, respectively). The QRE sequences are in bold and underlined; the TATA box is underlined and the starting codon of the first early gene is boxed. Comparison of the TRE/QRE sequences is shown below where identical nucleotides are underlined. (D) The QRE of the HPV-18 LCR mediates the quercetin-induced increase of transcriptional activity. A deletion mutant of the HPV-18 LCR (QREdel) was generated by PCR, using first primer 1 (HPV-18mutfor2 5-CGCTCGAGCGCTGGCACTATTGCA-3) and primer 2 (GL2 Primer 2, Promega), and then primer 3 (HPV-18QREdelYA 5-CGCCATAGTATTGTGGTGTGTTTCTTTTATATACACCGTTTTCGGTCCC-3) and primer 4 (HPV-18QREdelB 5-AACACACCACAATACTATGGCG-3). The deletion of the putative QRE site was confirmed by DNA sequencing. p18LCRLuc or p18LCRLucQREdel were transfected into C33a cells and quercetin treatment was started 24 h later with 0-20 μM quercetin for 36 h. Cells were harvested and assayed for luciferase activity as described in the legend to panel A. The activity of p18LCRLucQREdel in the absence of quercetin was approximately 1000-fold higher than that of pGL3Basic and similar to that of p18LCRLuc (data not shown). The activity of the LCR constructs in the absence of quercetin was arbitrarily defined as 1 and the increase in activity is shown as "fold increase".
Quercetin up-regulation of the HPV-18 LCR is mediated by a "QRE" element
Quercetin activates the LCR of BPV-4 through an initiator-like element downstream of the TATA box, defined as quercetin response element or QRE, and mutation or deletion of this element abrogate the ability of quercetin to up-regulate the BPV-4 LCR (Connolly et al., 1998) . Analysis of the HPV-16 and HPV-18 LCR showed that a QRElike element is present in the HPV-18 LCR in a similar position relative to other controlling elements, but not in the HPV-16 LCR (Fig. 3c) . To determine whether this QRE-like element was the mediator of quercetin trans-activation of the HPV-18 LCR, we constructed a deletion mutant of the LCR lacking the element. The "QRE Del" mutant LCR completely lost its response to quercetin (Fig. 3d) showing that, as in BPV-4, quercetin activates the HPV-18 LCR via this site.
Further investigation is required to determine, not only the mechanism by which this modulation of the HPV-18 LCR activity occurs, but also whether it is necessary and/or sufficient for abrogation of the G1 arrest in HPV-18 positive cells.
In conclusion, HPV-16 transformed cells fail to proliferate in the presence of quercetin, independently from whether the oncoproteins are expressed from the HPV-16 LCR or a retrovirus LTR, and from the status of the viral DNA (episomal in W12 cells and integrated in HFKE6/E7 cells).
On the contrary, the HPV-18 containing Z183a cells are not affected by quercetin and continue proliferating, likely leading to the accumulation of quercetin-induced mutations and thus increased cell transformation. We ascribe the ability of the Z183a cells to continue proliferating in the presence of quercetin to the persistence of Skp2, which negatively regulates p27
Kip1
, and to the increased activity of the HPV-18 LCR, which keeps the levels of E7 constant to counteract the relatively low levels of p27 Kip1 . The differences in levels of Skp2 after quercetin treatment is likely to be due to the different oncoproteins of the two HPVs, but this remains to be established. While some of the observed differences between W12 and Z183a cells may be due to the status of the viral DNA (episomal HPV-16 in the former and integrated HPV18 in the latter, and therefore potentially subject to different cellular controls), the different response to quercetin of the isolated LCRs is inherent to the LCRs themselves and cannot be ascribed to the status of the viral DNA.
It would be interesting to analyse HPV-18 transformed cells at different progression stages to delineate the relationship between the status of the viral genome (integrated/episomal) and ability to abrogate quercetin-induced cell cycle arrest also in the case of HPV-18. Such an analysis would allow a greater understanding of the interactions between these two oncogenic viruses and environmental cocarcinogens.
